et

S. Shvam Sunder and Seng-Kiong Ting

Department of Tivil Engineering

Yassachusetts Institute of Technology

Room 1-274, Cambridge, Ma 02139 CSA
‘

DUCTILE T3 BRITTLE TRANSITION IN SEA ICE UNDER
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Abstract

A new constitutive model for sea ice, applicable
to monotonic uniakial loading in both compression ang
tension, is proposed. The stress-strain-strainrate
behavior of sea ice is modelled accounting for strain
softening and for fracture which manifests itself in
terms of tensile cracking and crushing in compression.
The model is used to predict first cracking in ice
under uniaxial compressive loading based on a limiting
tensile strain criterion and the results are
calibrated with experimental data availabie in the

literature.

1 INTRODUCTION

Field observations of sea ice indentation on
offshore structures in the Arctic show that fracture
- processes are a major factor in ice-structure

interaction.

The occurtence of first cracks in ice under com-
pressive creep conditions in theblaboratory has been
studied by Gold /2/. Based on the éssumption that
grain boundary “shear or sliding can be associated with

a delavec elastic effect, Sinha /10/ postulated that

[T e e b el L e g e g sine PR T R




K

<~

oL, 10

~
o
VS
<
v
~
<

LERSA A RS
.
1.0 1121

T

.

New Critericn
k]

6 YoM

Delaved Elastic Strain
e Criterion

LA AALY |
11 llllll

T
1

L
1_1 llllll

| ]
MEARRAM |
(-]

timeg,
L]

10

T+ 283K -1y

FIRST CRACKS ONLY, o6 TESTS
FIRST CRAZK
SECOND CwACK } 32 15518
THIRD CRAZK

T 71 LARALL

LARARALM |
& O 0 &

sl

T
1

o 1 ! ! 1 t 1 1 '
bé b6 6. 10 1.2 .4 e LB 2.0 2.2

STRESS. o, MN-m 2

Fig. 1 Formation of first cracks during uniaxial
compressive creep tests.

delayed elasticity can be linked to crack nucleation.
With the help.of his mathematical model for delayed
elas;1c1ty and the experimental data o‘ Gold, he
showed that for S-2 ice of grain size 4.5 mm cracks
begin to form if the delayed elastic strain exceeds
1.04x10"4. The time to formation of first crack based
en Gold's laboratéry experiments and Sinha's delaved

elastic strain criterion is plotted in Fig. 1.

A suddenly applied constant lozd case, i.e., R
ctreep, is not-representative of loading conditions on
oZfshore structures. A constant strainrate or stress-
rate condition may be more realistic. Sanderson and
Child /8/ consider tvoical stress-rates of 0.010-0.035
kPa s~1 and extreme stress-rates of 1-5 kPa s=1,

Using the prznc1p1e cf suse*oos;tloﬂ, which Sinha /11/
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Fig. 2 Formation of first cracks during tests at
constant stress-rate.

has shown to be valid for "icelike” materials under
monotonically increasing stress; and the delaved
elastic strain criterion they predict that first
cfacks in pure 5-2 ice should typically occur. at.a
stress of 0.6-0.7 MPa and in extreme conditions may
occur at 1.3-1.8 MPa (Figs. 2 and 3). For sea ice,
the stress levels are corrected by altering the net
section stress due to brine volume 2s described by
Sanderson /7/. The corresponding stresses are 0.4 MPa

and 0.8-1.1 MPa (Fig. 4).

4

In order to explain the well-known discrepancy in

ice forces petween predictive models which use mecha-
nical properties obtained in the laboratory and actuel
field measurements:, sanderson and child /8/ propose
that formation-of'first cracks in the field is synony;
mous with failure of the ice. As such, the stress
levels identified in the previous pavagraph are consi-

Gered to limit ice forces. Although intuitively

appealing, it is not clear how this failure criterion
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can de incorporated in a finite element analvsis

n
framework for ice force prediction.

Ffracture manifests itself in terms of tensile
cracking and crushing in comoression. Numerical anal-
vsis of ice-structure interaction processes in the
creeping mode of deformation /1/ indicates that ten-
sile stresses occupy a2 large fraction of the area of
an ice sheet. Since ice is weaker in tension than in
compression once cracks occur, accounting for the dif-
fering behavior of ice in tension may help to reduce
ice force predictions significantly.

This paper presents a new constitutive model for
sea ice, applicable to monotonic uniaxial loading in
both compression and tension. The stress—strain-
strainrate behavior of ice is modelled accounting for
strain softening and fracture. The model is used to
predict the occurrence of first cracks in ice under
uniaxial combressive loading. Tensile strains occur
under this loading condition as a result of the
Poisson effect or incompressibility condition. Once
cracks occur, the material continues to sustain com-
pressive load but loses its ability to carry tensile
loads in the transverse direction if applied. This is
2@ realistic assumption and is often used in modeling
concrete behavior /12/. A limiting tensile strain
criterion dependent on the instantaneous strainrate in
tension is Jeveloped to predict crack nucleation. The
results for compressive creep compare very well with

the experimental data of Gold /2/.

“

2 NEW UNIAXIAL CONSTITUTIVE MODEL

*# phenomelogical approach based on simple thermo-

rheolcgical models has been used in developing the new




uniaxial constitutive model /13/. The mosel is based
on Orowan's concept /5/ that material strength is
affected simulténeously by work hardening or strain
hardening and work softening or recovery. Fracture in
pure ice is modelled using the 's::eﬁgth'—strainrate
data of Ashby and Cooksley contained in Palmer et al.
/6/. The resulting model is consistent with Michel's

/4/ schematic idealization of jice oehavior.

For constant strainrates of up to 5x10-4 s-1
under compressive loading, the stress-strain-

strainrate behavior of ice is given by:

-

P
N

o = " [l-exp(-Me)] - % e {l-exp(—Lc)] (1)

2|

where 2=114025 Mpa s1/3, B=217408 upa s2/3, M=1411.2,
L=430, N=3 and K=0.6 based on Wang's /14/ experimental
data for sea ice. t strainrates greater than 10-2
s=1, pure ice is assumed to fracture (crush) at a
stress of 5.1 MPa and to behave as a linear elastic
material with Young's modulus, =, equal to ©.5 Gra.
The intermediate strainrates Sdefine the ductile-to-
rittle transition in compression. For strainrates
between 5x10~4 ang 10-3 s=1, the fracture strength‘is
assumed to be 7.14 MPa and the stress-strain behavior
tp to fracture is given by E¢. (1). For strainrates
in the range lOf3-lO‘2 s=1, a linear interpolation
between 7.14 and 5.1 ¥Pa on log-log scale is used to
define the fracture strength, while the stress~strain
behavior up to fracture is defined by Eg. (1) for a
strainrate of 10-3 s-1 (the initiai tangent modulﬁs of
Eg. (1) reaches,a value of 9.5 .GPa, the linear elastic

modulus, at this strainrate).

. Constant stress-rate and creep curves in com-

pression generated with this model agree with Wang's
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7 L
/14/ theoretical moGel and the experimental data used
oy him for calidbration purooses. Mcreover, the adoop-
ted modeling strategv avoids the numerical oroblems

encountered by Wang.

The stress-strain-strainrate behavior in uniaxial
tension prior to fracture is considere3 to be identi-
cal to that under uniaxial compression as given by
£g. (1). Hawkes and Mellor /3/ justify this assump-
tion for creep data. For strainrates less than 3x10-8
s=1 (i.e., tension 'strength' of 0.42 MPa for pure ice
and 0.25 MPa for sea ice), ice does not fracture in
tension. For strainrates greater than 5x10-5 s-1,
tensile cracking occurs at a stress of 2.04 MPa. A
linear-interpolation on log-log scale is used for
intermediate strainrates, defining the ductile-to-

brittle transition in tension.

3. PREDICTION OF FIRST CRACK OCCURRENCE

The prediction of first crack occurrence under
uniaxial compressive creep and constant stress-rate
conditions is considered here. 1In order to make this
prediction, it is necessary to monitor the tensile
strains resulting from the Poisson effect or incom—
pressibility condition and to compare them with *he
strain for tensile fracture at the instantaneous
strainrate. When the actual instantaneous tensile

strain becomes equalato the instantaneous fracture

(¥

strain the first crack is assumed to occur. This is
the limiting tensile strain criterion for crack
nucleation. A:numerical procedure is developed to
make the crack prediction. time increment no=z
exceeding 103 Jivided by the instantaneous strzinrate

is necessary to odbtain accurate results.

”»
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Fig. 5 Formation of first cracks in uniaxial creep
up to the fracture stress in compression.

-Figure 1 contains the prediction of first cracks
using the limiting tensile strain criterion under
creep conditions. Comparison with the experimental
data of Gold shows that the broposed criterion is in
excellent agreement with data. 1In particular, the
time to first crack asymptotically approaches inf inity
as the compressive stress reduces to 0.52 MPa. The
choice of stress-strainrate at which ice transi+s from
ductile}to fracture behavior in tension r i.e., 0.42
MPa and 3x10-8 s~1,defines this asymptote. The large
Scatter in the experimental results at ¢=2 MPa is DosS—-
sibly due to the finite rise time of two seconds for
the applied load to reach the constant stress state
for ideal creep. The limiting tensile strain criteri-
on compares well w1hh the delaved elastic strain cri-
terion of 51nha for the range o stresses considered
in the ‘1gure.‘ However, at hicher stresses the two

criteria are in significant dlsa reement (Fig. 5). At

i
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the compressive fracture stress of 5.1 "Pa, the pro-
posed model predicts a zero time to first srack since
no creep can occur under this loading. At stresses
greater than abdut 4 YPa which corresponds to the
leveling-o0fZ of the tensile fracture stress to 2.04
MPa, the tensile strain to fracture reduces faster
than at lower stresses. This leads to a faster re-
duction in time to first crack. The sharp kink at the
4 MPa transition point can be eliminated by a smoother
transition in the cracking criterion around the

strainrate of 5x10-5 s-1,

Figure 2 contains the prediction of first cracks
under constant stress-rate conditions. The agréement
between Sanderson and Child's analysis based on the
delaved elastic strain criterion and the present cri- .
terion is very good in general. At infinite stress-
rate, the stress at first crack is limited by the com-
pressive fracture stress of 5.1 MPa. This is predic-
ted by the proposed fracture criterion. Figures 3 and

4 show that for typical stress-rates the stress at

first crack is 0.45-0.60 MPa for pure ice and 0.26-

0.35 MPa for sea ice. For extreme stress-rates the
corresponding numbers are 1.2-1.6 MPa and 0.7-0.9

MPz.

4 CONCLUSIONS

This paper has proposed a new uniaxial constitu-
tive model for sea ice that accounts for strain .
softenihg and fracture (cracking and crushing). The
adequacy of the model has been demonstrated by ‘
comparison with experimental data obtained under
constant strezinrate, creep, and constant stress-rate
conditions. A limiting tensile strain criterion has

been postulated to predict first cracks in ice and its



validity has been established by comparison with
available experimental daza.
.

The constitutive model is being extended to
account for unloading and reloading conditions and fcr
multiaxial stress states. The resulting model will be
incorporated in a finite element analysis framework to
predict indentation pressures and forces using the
limiting tensile strain criterion for crack initiation

and propagation. For load transmitting systems such

as ice features (as opposed to load bearing structural
systems) a limiting tensile strain criterion for frac-
ture propagation is likely to be conservative when
compared to a classical fracture mechanics aporoach.
This is because the latter considers only the propaga-

tion of pre-existing cracks with a given distribution

of sizes, while the former may be used to predict both
the initiation and propagation of cracks in a materizl

originally in virgin (flawless) form.
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